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ARTICLE INFO ABSTRACT 


Handling Editor: Dr. M Dienwiebel The increasing worldwide demand for hybrid and electric vehicle technology has brought new challenges for the 


global lubricant industry. The new lubricants for electric vehicles, also called E-fluids or EV-fluids, are expected 


KEYWORDS: to meet a new set of requirements including withstanding the much severe operating conditions of EV power- 
Steel trains. High starting torques, high RPMs and uncontrollable shaft currents passing through the contact interfaces 
Bearings 


are some of the most challenging powertrain conditions that can impact the performance of these lubricants. 
Although there have been some papers already reporting on significant alteration of tribological properties of 
lubricants under electrification, so far there are no standard test protocols aimed at the fast and reliable screening 
of base oils, additives and formulated lubricants under such conditions. Thus, this research work focuses on 
exploring the popular four-ball ASTM-D4172 standard method to evaluate the tribological behavior of lubricants 
under electrified conditions. Specifically, a conventional four-ball tester was instrumented with a DC power 
source and a resistance data logger was used to explore the friction and wear performance of various lubricants 
(including a neat base oil, two automatic transmission fluids (ATF-3 and ATF-5) and a gear oil) with different 
dielectric strength under the conditions of ASTM-D4172 standard with and without DC currents (0, 1.5 and 3 A). 
The changes in average wear scar diameter, specific wear modes and mechanisms, friction coefficients, electrical 
contact resistance and temperature were analyzed and reported. Besides, the chemical changes in oils during the 
electrified tests were evaluated via IR spectroscopy. The main findings suggest that passing current through the 
four-ball contact interfaces significantly alters friction, wear and temperature in comparison to the conventional 
standard method without electrification. Thus, the proposed test method with electrification could be a potential 
new alternative for testing E-fluids under electrical environments. 


Wear testing 
Lubricated wear 
Electric vehicles 


1. Introduction EV powertrains [4,7]. As a reference, nearly 40% of the total failures of 


bearings in electric motors of EVs are attributed to uncontrollable 


In recent years, the growing demands for making electric vehicles 
(EVs) as the new form of transportation has brought many new chal- 
lenges for the lubricant industry [1,2]. The new lubricants for EVs, also 
called E-fluids or EV-fluids, are required to provide better cooling per- 
formance, higher resistance to oxidation at elevated temperatures, much 
desirable dielectric properties, as well as excellent compatibility with 
polymeric seals and superior resistance to cooper corrosion besides the 
much improved lubrication characteristics [3-6]. In particular, main- 
taining superior lubricity is a must for rolling and rotating components 
at speeds in excess of 25,000 rpm even in the presence of electrical 
discharges or shaft/bearing currents which are very typical of current 
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voltage fluctuations, shafts and bearing currents mainly originating 
from the unavoidable magnetic flux asymmetry, inverter-induced 
voltage and electrostatic effects (including triboelectrification) [7]. 
Such premature bearing failures are the main causes of increased noise 
and vibration, as well as other mechanical problems in vehicle appli- 
cations. To alleviate these problems, novel tribological solutions 
including better materials, lubricants, and mechanical hardware are 
urgently needed [8]. 

Although some research groups have reported on the possibility of 
further improving the performance of lubricants for EV applications [4], 
a great majority of the recent progress has been made in the areas of 
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Table 1 
Viscosity and dielectric strength properties for the oils tested. 
Base oil Gear oil API ATF ATF 
(Group II) GL-5 (SAE 80- (Dexron® (Mercon® V) 
W90) IID 
Dielectric 24 + 2.6 19.9 + 3.9 19+5.9 20.8 + 5.9 
strength 
(kv) 
Viscosity at 42 145 37 30 
40°C (cSt) 
Viscosity at 6.5 14.7 6.8 7.3 


100°C (cSt) 


Table 2 
Four-ball test conditions. 


Four-ball test parameter Unelectrified test Electrified test 


Load [N] 392 392 
Maximum Hertzian contact pressure [GPa] 4.5 4.5 
Speed [rpm] 1200 1200 
Test duration [minutes] 60 60 
Temperature [°C] 7542 7542 
Humidity [%] 36 36 
Amount of oil [ml] 30 30 
(DC) current [A] = 1.5,3 
Repeats 4 4 


Rotating ~¥ 
Spindle 
K-Type 
Thermocouple 
Band 
Heater 


Alignment Plate 
(PLA Insulator) 


Metallic Plat : 
aaa Applied Load 


Fig. 1. Schematic view of the four-ball test set-up used for unelectrified and 
electrified tests. 
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improving resistance to copper corrosion [9], electrical compatibility 
[10], compatibility with polymeric seals [11,12] and enhancement of 
electric and thermal properties [13]. However, the improvement of 
E-fluids for superior tribological performance under electrified condi- 
tions through the use of different formulations has been relatively un- 
explored. Previously, some research groups explored the influence of 
electrical currents and voltages on the tribological behavior of lubri- 
cated interfaces through different improvised triboelectrochemistry 
techniques [14]. Through those research findings, it has been proposed 
that the electrical currents and voltages can alter the lubricity properties 
of the lubricants by means of adsorption/desorption of polar additives 
and stimulation or suppression of redox reactions with oxygen at the 
interface, which is useful for having a general understanding of the 
underlying mechanisms [14-17]. Nonetheless, suitable and reliable tests 
to evaluate and get a deeper understanding of the behavior of the new 
and specific formulations of lubricants for EVs are still needed by 
industry. 

Currently, the four-ball tester, also known as the Shell four ball 
tester, is extensively used by industry for evaluating the lubricating 
properties, namely, extreme pressure (EP), wear prevention (WP) and 
frictional behavior of lubricating oils and greases under different 
worldwide standard procedures [18-23]. A test in this apparatus con- 
sists basically of producing sliding among four balls arranged in an 
equilateral tetrahedron. The upper ball rotates against the lower three 
balls, which are held in a fixed position inside a lubricant container. 
Depending on each standard procedure, the test parameters (e.g., load, 
temperature, speed, ball material, etc.) and the specific methods may 
differ from one another. All the standard four-ball testing procedures 
have been developed and used effectively for lubricants either oils or 
greases from a wide range of industrial applications. In particular, they 
have had noteworthy applications for evaluation of the extreme pres- 
sure, anti-wear and friction properties of lubricants for different auto- 
motive components such as engine, tappets, gear boxes, transmissions 
(manual, semi-automatic and automatic), steering boxes, etc. In this 
sense, the four-ball tests can also be a potential option for evaluating the 
performance of lubricants for EV applications, but this has not yet been 
explored and reported in open literature. This research work aims to 
explore the applicability of the popular four-ball standard test protocol 
(ASTM-D4172) to evaluate the tribological behavior of lubricants under 
electrified conditions. Accordingly, here we report the results of a 
comparative study obtained from the four-ball tester under the 
ASTM-D4172 procedure on different lubricants with and without the 
application of different DC electrical currents. 
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Fig. 2. Tribological characteristics of lubricants under unelectrified and electrified conditions: (a) Wear scar diameter; (b) coefficient of friction (CoF); (c) tem- 


perature change. 
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Fig. 3. SEM Images of scar morphologies obtained for unelectrified condition using different oils: a) base mineral oil; b) gear oil, c) ATF III, and d) ATF V. 


2. Experimental details 
2.1. Materials and methods 


To explore the friction and wear performance of various powertrain 
lubricants under the new electrified four-ball test variant, two different 
automatic transmission fluids (ATFs), one gear oil and a pure mineral oil 
(as a reference) were tested. The specifications including viscosities and 
dielectric strength of the oils are provided in Table 1; since it has been 
reported that the dielectric strength of the lubricants can be relevant for 
their lubrication performance under electrified environments [7,14], 
the dielectric strength of each oil was evaluated by conducting five tests 
under the standard ASTM D1816 method [24] using a dielectric 
breaking tester (Megger® OTS60SX) at a temperature of 36°C. The balls 
used were standard balls made of AISI 52100 bearing steel (hardness of 
64 HRC) 12.7 mm in diameter with a surface roughness of 0.02 um. 

The friction and wear performance of the lubricants under both 
unelectrified and electrified conditions were evaluated in terms of wear 


scar diameter (WSD) and coefficient of friction (CoF) according to the 
standard ASTM D4172 procedure. The test conditions are presented in 
Table 2. A schematic view of the four-ball test set-up is shown in Fig. 1. 
For the tests, once the oil is heated inside the cup to 75 + 2 °C, the heater 
is turned off and the three stationary lower balls are pressed against the 
upper rotating ball with a predefined load to start the test. The upper 
ball rotates at a constant speed for 60 min to complete the test. Tem- 
perature is specified to be 75 °C at the beginning of the test in the 
standard method, but it usually rises during the test by means of fric- 
tional heating and the magnitude of increase depends on the thermal 
properties of each lubricant. Hence, the temperature of the test oil is 
recorded during the whole test via a k-type thermocouple probe inserted 
into the cup and immersed in the oil. The change in temperature of the 
oil at the end of the test is reported. The CoF is calculated by Eq. (1), 
according to the standard ASTM D5183 method [20]. 


CoF =0.00223 x f *L*P (1) 


where f is the friction force in grams, L is the length of the lever arm in 
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Fig. 4. Overlapped IR spectra obtained for the test lubricants before and after 
unelectrified and electrified (3A) testing. 


cm, and P is the applied load in kg. For the particular case of the elec- 
trified tests, the tester was instrumented with a DC current power supply 
(Keithley® 2230-30-1) and a voltage data logger. A carbon brush was 
used to provide continuous electrical conductivity to the rotating ball by 
sliding against the spindle. To achieve an isolated electrical sliding 
contact, a set of non-conducting sample holders were 3D printed from an 
electrically insulating plastic (Polylactic acid (PLA)) and installed in the 
tester for conducting the tests. Since elevation of the temperature during 
the tests may potentially compromise the mechanical properties of PLA, 
the maximum temperature reached on the PLA holders was continuously 
monitored during the tests by an infrared camera. At the highest oil 
temperature condition, the maximum temperature rise in the PLA holder 
was ~ 45 °C, which is lower than the glass transition temperature (61°C) 
of the PLA material used. The voltage data logger was connected in 
parallel with the DC power supply to obtain changes in voltage, V, under 
a constant current, J, and then, determined the contact resistance, R, by 
means of the ohm’s law, see Eq. (2). In EVs, both DC and AC voltages are 
relevant and dependent upon the specific EV driveline architecture and 
hardware (e-motor type, inverter/converter, etc.) [8]. The magnitude of 
real stray currents and voltages are found to be variable and dependent 
on each EV powertrain architecture and/or power electronics system. As 
a reference, stray currents with amplitude between 0.2 and 1.4 Acan be 
produced in a 1.5 kW induction motor, as reported in Ref. [25]. So, we 
selected 1.5 and 3 A to reproduce somewhat harsher electrical envi- 
ronments to unravel their effects on friction and wear. 

The resulting scars on the three lower balls obtained for each test 
were examined and measured by an optical microscope (Olympus, 
SZX7), and the average of the three scars was calculated and reported. 
To further study the differences in wear patterns of the wom scars, a 
scanning electron microscope (Jeol JSM-6010LA) was employed. Also, 
the chemical changes in the oils by the testing was evaluated by IR 
spectroscopy in an Agilent Cary 630 spectrometer. Spectra of the oils 
before and after the tests were recorded in the 400-4000 cm-1 wave- 
length. 


V=I*R (2) 
3. Results and discussion 


The results of wear scar diameter, CoF and temperature changes 
obtained for all the lubricants tested under unelectrified and electrified 
conditions are reported and compared, respectively, in Fig. 2 a-c. The 
differences in wear scar diameters for three lower balls were found to be 
much less than 30 um and the standard deviation was below to 120 pm 
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for all the lubricants and conditions, meaning that the testing and the 
results obtained met with the specifications in the standard procedure to 
assure that the test results are reliable. For unelectrified condition, 
mineral base oil and gear oil exhibited the highest and lowest wear scar 
diameters and CoF, respectively, meanwhile both ATFs presented 
similar wear scar diameters and CoF between each other. The low lu- 
bricity (high wear scar diameter and CoF) of mineral base oil in com- 
parison with the other oils is attributed to the lack of anti-friction, wear 
and extreme pressure additives, (such as MoDTC ZDDP, etc.), which are 
well known react with surfaces to form a tribofilm under very high 
contact pressures [26]. On the other hand, the best overall lubrication 
exhibited by gear oil can be ascribed to its full formulation including 
high performance additives (extreme pressure additives), as well as its 
somewhat higher viscosity (which was the largest among all oils tested). 
Fig. 3 a-d show the typical wear scar morphologies generated during 
tests in different oils under unelectrified conditions. The common wear 
pattern identified in all the scars corresponded to the formation of deep 
wear grooves (or abrasive wear marks in the sliding direction), which is 
produced mainly by abrasion caused by the countersurface asperities 
and loose debris. 

Considering that all the oils reached elevated temperatures (above 
75°C) during the tests, it was expected that the oils would perhaps un- 
dergo thermally-induced-oxidation to some extent. Nonetheless, ac- 
cording to the IR spectroscopy analyses (see the spectra obtained in 
Fig. 4), it was found that all the oils tested did not present chemical 
changes under unelectrified conditions. Usually, the degradation caused 
to the oils (especially formulated oils) under the standard four-ball 
conditions (unelectrified) is minimal because the temperature (75 °C) 
and test duration (60 min) are not sufficient to get measurable chemical 
changes. In the case of electrified condition, some chemical changes 
were observed only for the mineral base oil. Some slight increases in the 
peaks near to 1720 and 2350 em? corresponding to the axial deforma- 
tion of the carbonyl group (mineral oil oxidation products) and CO2 
absorption were found, respectively [27]. Commonly, these chemical 
changes are known to occur at temperatures above 227°C. Although the 
measured mean temperature of the mineral oil under the most severe 
sliding condition (i.e., passing of 3A current) was about 105°C, the local 
asperity temperature at the contact spots may have reached much higher 
values (above 300 °C for unelectrified condition [28], but even much 
higher values for the electrified ones due to current discharges). It is 
reasonable to expect that under such elevated temperatures, accelerated 
degradation of the lubricating oil and further reduction of the film 
thickness may occur due to decreased viscosity for all the oils tested. It 
can be better observed in Fig. 2c that temperature of oil bath indeed 
increased with increasing DC current for all the tested oils. The base oil 
was perhaps the most affected by thermally-induced oxidation due to 
the lack of anti-oxidant additives in comparison with the other oils. 

In addition, electrification caused significant changes in CoF and 
wear scar diameters for all the oils. In general, CoF decreased about 25% 
for base oil and increased in the order of 25-30% for the rest of the oils 
meanwhile wear increased about 7% for mineral oil, 150% for gear oil 
and 60% for both ATFs in the most severe condition (3A DC current). 
These alterations are attributed to the chemical nature of each lubricant. 
Electricity may promote adsorption/desorption of polar additives and 
boost the stimulation or suppression of redox reactions at the contact 
interface [14]. The characteristic wear scars produced under electrified 
(3A) conditions are shown in Figs. 5a-d. In comparison to the scars 
presented in Figs. 3a—d, all the wear scars produced by electrifying at 1.5 
and 3A exhibited severe wear damages and ragged edges (the initial part 
of the scratch is sometimes wide and continuous, and the ends of the 
scratch are sharp and intermittent). It is ascribed to mechanical scraping 
presumably caused by three-body abrasion; most likely caused by oxide 
and debris products scoring in the direction of sliding. This wear pattern, 
in particular for electrical contacts, is also known as spark track, in 
which debris are blasted out of the surface by electrical discharges 
(electrical erosion) in electrified sliding contacts [29]. Evidence of the 
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Fig. 5. SEM Images of scar morphologies obtained for electrified condition using different oils: a) base mineral oil; b) gear oil, c) ATF III, and d) ATF V. 


spark track pattern can be seen clearly in Fig. 5d. In a previous research 
work [30], it was demonstrated that electrification significantly accel- 
erate oxidation in AISI 52100 steel in both dry and lubricated sliding 
conditions, forming hematite type oxide with comparable hardness to 
the 52100 steel. Thus, the increase of wear by electrification found in 
this work can be associated with the much accelerated oxidation of the 
balls surfaces and the resultant oxide particles giving rise to three-body 
abrasion, as previously reported in a research article based on the use of 
similar test pairs and lubricants in another modified tribometer [30]. 
This wear mechanism can be envisioned by the CoF and electrical 
resistance behavior obtained from the oils under different conditions, 
see Figs. 6-9. In those plots, CoF was compared to electrical resistance 
for the electrified tests. Ideally, electrical resistance should reduce with 
wear progression because the electrical four-ball contact area grows. 
However, for both electrification levels (1.5 and 3 A), contact resistance 
tended to increase almost 100% after certain instant during the test. It is 
related to the moment in which oxide layer (which has much higher 
dielectric constant or insulation) is formed. The hematite oxide has a 


resistivity in the order of 10° Q cm for single crystals [31] meanwhile 
52100 steel has a resistivity in the order of 10 Q cm. Besides, it can be 
observed that the increase of resistance occurs faster at a current of 3A 
than for 1.5 A, meaning that steel oxidation is accelerated by increasing 
electrical current, which also promotes more accelerated wear. After 
period where electrical resistance increased, oxide layer is removed 
under mechanical rubbing action and hence the resistance decreases 
intermittently for all the cases. Again, we ascribe these resistance vari- 
ations to the occasional remotion of the oxide layer (decrease of resis- 
tance) and a consequent replenishment of oxide layer which increases 
the electrical resistance again). 

In general, the application of DC current discharges during a stan- 
dard four-ball test generated significant CoF alterations and much larger 
wear scars with a particular wear pattern (spark track) for all the oils 
tested. Moreover, the application of DC current did not affect the pre- 
cision and repeatability of the results according to the specification in 
the standard test method. According to the results obtained from the 
conventional standard four ball tests (unelectrified condition), the base 
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Fig. 7. Progression of CoF and contact resistance obtained for gear oil under: (a) 0 A (unelectrified condition); (b) 1.5 A; (c) 3 A. 


oil and gear oil exhibited the highest (worst) and lowest (best) CoF and 
wear scar diameters, respectively. However, according to the results 
from the electrified four ball testing, the lubrication characteristics 
changed drastically for all the test oils. Both base oil and gear oil pre- 
sented similar wear scar diameters, being higher than those for both 
ATFs. Also, base oil exhibited the lowest CoF while both ATFs presented 
the highest CoF. Hence, the research conducted in this work demon- 
strates that the standard four-ball test method can be modified accord- 
ingly for passing of electrical currents through the contact spots during 
the test to evaluate the performance of lubricants for EVs which are used 


in electrified component applications, such as electric motors, genera- 
tors and EVs powertrains. Although the experimental work carried out 
here involved only the application of external DC current, the method- 
ology and set-up can be easily adapted and applied also for AC electric 
environments by changing the external power source (which we are 
currently exploring). 


4. Conclusions 


In this work, we compared the results of wear scar diameters, wear 
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patterns and CoF obtained for different lubricants through the use of a 
standard ASTM-D4172 four-ball tester with and without electrification. 
The main conclusions derived from our work are as follows. 


higher than those for both ATFs. Also, base oil exhibited the lowest 
CoF while both ATFs presented the highest CoF. 

- The most common wear pattern identified for unelectrified condition 
was grooving wear, which is produced mainly by abrasion caused by 


- The application of DC current during four-ball testing triggered sig- 
nificant changes in the tribological behavior of all the test oils. For 
unelectrified condition (standard test), the base oil and gear oil 
exhibited the highest (worst) and lowest (best) CoF and wear scar 
diameters, respectively. In contrast, for electrified condition, both 
base oil and gear oil presented similar wear scar diameters, being 


the countersurface asperities and debris particles. On the other hand, 
a more severe wear pattern called “spark track” (ragged edges pre- 
sumably produced by mechanical scraping of oxide products blasted 
out of the electrified contact) was found for electrified condition. 

- Unelectrified condition generated no chemical changes in the oils 
while electrified testing produced thermo-oxidation on mineral oil, 


QA. 
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which was related to the significant increase of temperature at the 
sliding contact interface by electrification. 

Contact resistance was found to increase (by about 100%) suddenly 
during the progress of sliding for all the oils under electrified con- 
dition; the increase appeared to occur faster at the highest DC current 
(3 A). It is related to the much accelerated promotion of oxidation by 
the external current applied. The sudden resistance increase occurs 
when an oxide layer (with much higher resistivity than steel) is 
formed on the surfaces. 

Overall, the results presented in this paper demonstrate that the 
conventional four-ball test method could be modified by the appli- 
cation of external electrical current during the tests to enable quicker 
evaluation/screening of lubricants for electric motors, generators 
and EVs powertrains without compromising the precision and val- 
idity of the results, as specified in the ASTM test method. 
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